: One of the major goals of the NEXT-White (NEW) detector is to demonstrate the energy resolution that an electroluminescent high pressure xenon TPC can achieve for high energy tracks. For this purpose, energy calibrations with 137 Cs and 232 Th sources have been carried out as a part of the long run taken with the detector during most of 2017. This paper describes the initial results obtained with those calibrations, showing excellent linearity and an energy resolution that extrapolates to approximately 1% FWHM at Q ββ .
Introduction
Excellent energy resolution is one of the most important tools to reject backgrounds in neutrinoless double beta decay (ββ0ν) searches. The low value of the Fano factor in high-pressure xenon [1] offers the possibility to build a gaseous time projection chamber (TPC) with ultimate energy resolution of 0.3 % FWHM at Q ββ = 2457.8 keV, provided that proportional amplification such as that granted by electroluminescence is used [2] and all other sources of systematic errors are under control. The NEXT experimental program [3] [4] [5] [6] is exploiting this opportunity and it is pioneering the development of electroluminescent high pressure xenon chambers (HPXe-EL) for ββ0ν searches aiming at the 100 kg-class, NEXT-100 detector.
Small scale detectors developed at LBNL and at IFIC have demonstrated the excellent energy resolution of the electroluminescent high-pressure Xe TPC [7, 8] , consistent with the expectations. An intermediate scale detector NEXT-White1 has been constructed at IFIC and it is currently operating at the Canfranc Underground Laboratory (LSC) [9] . Its calibration run with a 83m Kr source [10] has demonstrated that very good energy resolution for low-energy/pointlike 41.5 keV depositions can be attained in larger size detectors as well.
In this work, we report studies of the energy resolution obtained from measurements using 137 Cs and 232 Th calibration sources at a pressure of 7.2 bar, during the last part of the so-called Run II, which extended through Fall 2017. These sources provide monoenergetic events at higher energies and thus they offer stringent tests of the energy reconstruction in the conditions similar to the expected double beta decay signals.
The organization of this paper is as follows: section 2 describes the experimental setup; the event selection and reconstruction is presented in section 3; section 4 discusses the absolute energy calibration; section 5 presents the results on the energy resolution over wide energy range. Summary and discussion is presented in section 6.
1Named after Prof. James White, our late mentor and friend. The NEXT-White apparatus has been described with great detail elsewhere [10] . The main subsystems of the detector are the TPC, the energy plane and the tracking plane. The operating parameters of the TPC used in this study are described in table 1. The energy plane is instrumented with 12 Hamamatsu R11410-10 PMTs located 130 mm behind the cathode, covering 31% of the end-plate area. The tracking plane is instrumented with 1792 SensL series-C silicon photomultipliers (SiPMs) arranged in a grid with a pitch of 10 mm. An ultra-pure inner copper shell (ICS) 60 mm thick acts as a shield in the barrel region. The tracking plane and the energy plane are supported and shielded by pure copper plates 120 mm thick.
The detector is enclosed in a pressure vessel fabricated from 316Ti, a titanium-stabilized alloy of stainless steel, and placed on a seismic table within a lead shield that can be opened and closed mechanically. To ensure long electron lifetime, the xenon is constantly circulated through a gas system containing a hot getter to remove impurities. The detector, gas system, and readout electronics are all elevated above the ground on a tramex platform in HALL-A of the Laboratorio Subterráneo de Canfranc (LSC).
As a charged particle propagates in the dense gas of NEXT-White it loses energy by ionization and excitation of atoms of the medium. The excited atoms return to the ground state by a prompt emission of VUV (172 nm) scintillation light (S 1 ). Ionization electrons drift toward the TPC anode where they produce an amplified light signal (S 2 ) inside the electroluminescent region composed of a transparent mesh, the gate, and a quartz plate coated with conductive indium tin oxide (ITO), the anode. The S 1 and S 2 signals are recorded by the PMTs of the energy plane. The S 2 signal is used to trigger the data acquisition and to determine the total energy deposition of the event. The time difference between S 1 and S 2 signals provides the timing information used to localize the event within the drift volume. The S 2 signal is also recorded by the dense grid of SiPMs, the tracking plane, located in close proximity to the anode. The spatial distribution of signals observed in the tracking plane yields the transverse position of the arriving ionization electron with a precision of a few millimeters. Figure 2 shows an example of a waveform recorded by the PMTs of the energy plane for an event with an approximate total energy deposition of 1.6 MeV. The prompt primary scintillation signal S 1 appears near the beginning of the buffer, while the EL signal, S 2 , extends for tens of µs. The time elapsed between detection of the S 1 signal and detection of each of the components of the S 2 signal reflects the drift time of the ionization electrons. Its measurement, together with the known value of the drift velocity (approximately 1 mm/µs [11] ), determines the z-coordinate at which each of the ionization electrons was produced in the active region. The (x, y) coordinate is obtained by a position reconstruction algorithm which uses the energies recorded by the SiPMs of the tracking plane. The combination of the PMT and SiPM sensor responses yields a full reconstruction of 3D The detector response depends on the spatial position of the original energy deposition: finite electron lifetime is the origin of the z-dependence of the response, whereas the local variation of the electroluminesce gain and light collection results in the variation of detector response with the transverse x-y position. Detailed response maps of the detector were determined from the dedicated calibration runs using 83m Kr source events distributed uniformly throughout the detector volume [10] . The low energy 83m Kr events represent nearly pointlike energy depositions in the detector volume. While this is an optimal choice for the determination of the local response maps, it provides little insight into the energy resolution for higher-energy, extended events.
Studies of the response linearity and energy resolution of the NEXT-White detector at high energies have been carried out using dedicated runs where the external radioactive sources were used as a source of monoenergetic, yet spatially extended, energy depositions. Two sources were employed simultaneously for this purpose: 137 Cs and 232 Th. The 137 Cs source was placed at the lateral port of the pressure vessel, and the 232 Th source was placed on top of the vessel as illustrated in Figure 1 . These sources provide two well defined calibration lines: 137 Cs decays by emitting a gamma ray with energy of 661.6 keV and 232 Th decays eventually to 208 Tl which emits a gamma ray with an energy of 2615 keV. The data acquisition was triggered by a S2 signal in two PMTs integrated over an interval of 10-250 µs exceeding a specified trigger threshold. The trigger threshold was selected to ensure full detection efficiency for the 137 Cs line and higher energy depositions.
The data sets used in this analysis were taken at the operational pressure of 7.2 bar. Prior to each data run taken with the 137 Cs and 232 Th sources, a dataset was taken with the trigger set to capture 41.5 keV events produced by decays of 83m Kr. These point-like events were used to make a precise determination of response maps and electron lifetime in the active region as described in [10] . Run 4734 started on October 10, 2017, and the subsequent runs were taken over a period of two weeks, as summarized in table 2.
Selection and reconstruction of events
Studies presented here focus on events produced in the region of the 137 Cs photo-peak (661 keV) and in the region of the 208 Tl "double-escape" peak (1592.5 keV). The latter corresponds to events in which the 2615 keV gamma emitted in a 208 Tl decay converts in an electric field of a nucleus into an electron-positron pair, and the two 511 keV gamma rays produced by the annihilation of the positron escape undetected.
Interactions of ionizing radiation in xenon can occasionally eject electrons from inner shells of the xenon atoms. The subsequent transitions of electrons into these lower shells lead to the emission of characteristic X-rays, several of which have energies near 30 keV. Some of these X-rays may travel a significant distance from the main ionization track before interacting, or even escape from the detector entirely. The interacting X-rays provide an additional source of nearly monoenergetic lines which can be used for the calibration.
Event selection
Event characteristics were computed from the acquired PMT and SiPM waveforms. The S 1 and S 2 signals were identified as peaks in the summed PMT waveform (sampled in bins of width 25 ns) based on their location and duration in time (see [10] for details). Events with exactly one S 1 peak and at least one but no more than three S 2 peaks were accepted for further analysis. A peak is also visible at ∼1.6 MeV due to e + e − pair production from the 2.6 MeV gamma and the escape of both 511 keV gammas produced in the resulting positron annihilation.
Energy measurement
The waveform of summed PMT signals was integrated in 2 µs intervals corresponding to the transit time of an electron across the EL gap. The pattern of the observed SiPM signals in each of the time slices was used to determine the number and (x, y) positions of separate energy depositions, or "clusters", present in the given time interval. If more than one cluster was reconstructed in a given time interval, the energy detected by the PMTs was distributed proportionally amongst the clusters according to their charges, as determined by the SiPM signals. Spatial coordinates (x, y, z) of each cluster were used to determine the necessary energy correction factor for the response non-unifomity in (x, y) and the electron lifetime, as descibed in [10] . The total energy of the event is defined as the sum of the energies of all clusters reconstructed in the event. The resulting energy distribution of events reconstructed in the full fiducial volume is shown in Figure 3 . The full fiducial volume includes most of the active volume of the detector and is defined as 50 mm < Z min , Z max < 500 mm, and R max < 180 mm where Z min and Z max are the minimum and maximum z-coordinates, and R max is the maximum radial coordinate of all reconstructed clusters in a given event. Several peaks are visible which will be analyzed in more detail later, including the 137 Cs photopeak and the 208 Tl e + e − double-escape peak. The 208 Tl photopeak is also visible in the data but few events were acquired, as the tracks at such energies are too long to be consistently contained within the TPC at the current operating pressure. Because of this, a detailed analysis of this photopeak is impractical in this dataset and will be left to a future study at higher pressure. Note that though the trigger was set to acquire events above approximately 250 keV, it was still possible to examine isolated clusters of energy deposited within higher-energy events, and thus we were also able to analyze the energy peaks corresponding to xenon characteristic x-rays (see section 5). Figure 3 indicates the presence of the calibration lines of interest, albeit with significant background. The purity of the calibration sample can be enhanced by taking advantage of the spatial localization of the parent source samples. As shown in Figure 4 the majority of the events in the monoenergetic lines are located near the source positions. To improve the signal-to-noise ratio of the calibration sample, a fiducial cut, 160 mm < Z min , Z max < 300 mm, is applied in the further analysis.
Spatial distribution of events and restricted fiducial cuts
The detector response degrades significantly at the outer radii of the active volume due to imperfect light collection by the PMTs [10] , thus contributing significantly to the degradation of the energy resolution. To eliminate the bias induced by the events approaching the edges of the detector the fiducial cut R max < 150 mm is applied.
Absolute energy calibration
The energy of the event Q, determined by integrating the measured S 2 signal, is expressed in photoelectrons using conversion factors determined by calibration of the PMTs. To determine the absolute energy scale the measured detector response was compared to nominal values of the event energies. Three event samples were used for this purpose: the 29.7 keV xenon X-ray peak, the 137 Cs peak, and the double-escape peak. The nominal energies were taken from [12] and include the intensity-weighted average of the K α x-ray lines (29.669 keV), the energy of the 137 Cs emitted gamma (661.6 keV), and the energy of the double-escape peak (1592.5 keV).
A linear fit was performed to obtain calibrated energy E from uncalibrated energy Q as
and the fitted parameters were found to be a 0 = 3.2154 ± 0.0003 eV/photoelectron and a 1 = 0.49975 ± 0.01359 keV. The fit is shown in Fig. 5 along with residuals r defined as the percent difference of the calibrated energy E from the nominal energy E 0 , r = 100 · (E 0 − E(Q))/E 0 , for each point (Q, E 0 ) used in the fit. The errors on the measured raw energies Q in the fit were taken to be the errors on the mean values of the Gaussian components of the fits to the three peaks in photoelectrons, and these errors were found to be less than 0.05% of their respective means. The calibration demonstrates that the detector response is linear within ∼1% in the energy range from 29.7 keV to 1592.5 keV.
Energy resolution
From a sample of monoenergetic events the energy resolution can be determined as the ratio of FWHM of the energy distribution to the mean value of the response. At low energies the energy depositions are nearly point-like and the energy resolution is dominated by the stochastic term reflecting the fluctuations in the production of electron-ion pairs. Energy measurement for high energy events involves a sum of the energy depositions over the larger volume of the detector. They need to be corrected for the variation of the response due to the electron lifetime and/or the local inhomogeneities of the detector, and the residual imperfections of the corrections may contribute to the energy resolution (a systematic error). The relative importance of various contributions may be estimated by comparison of the observed energy resolution at different energies: the stochastic term is expected to follow 1/ √ E dependence on the energy whereas the systematic contribution is expected to be independent of the energy. Thus it is expected that the variation of the energy resolution with energy should follow
or equivalently
where a/ √ E is the stochastic term and c is the systematic, constant term. Potential noise contributions, behaving like b/E, are expected to be negligible in our case. Xenon X-rays Figure 6 shows the energy distribution of isolated low-energy clusters identified inside the fiducial volume. Two visible peaks are attributed to several lines near 29.7 keV and several lines near 34 keV. The observed distribution is well described by a combination of two Gaussians and a second degree polynomial. As the more intense X-ray lines in the lower-energy peak are much closer together than in the higher-energy peak, the width of the leftmost Gaussian, (5.71 ± 0.40) % FWHM, is taken to represent the energy resolution at the energy of 29.7 keV. The error on the resolution is mostly of systematic origin and it was estimated by varying the binning and fit ranges, slightly varying the fiducial cuts, and considering the statistical errors of the fit, which were less than or equal to half of the stated error.
Higher-energy gammas
To determine the detector's energy resolution at higher energies, the observed energy distribution in the neighborhood of the 661.6 keV peak was fitted as the sum of a Gaussian + 2 nd order polynomial, and, in a similar fashion, the distribution of the observed energy in the region of the double-escape peak was fitted as the sum of a Gaussian + exponential (see Figure 7) . The fits yield the results: R(661.6 keV) = (1.45 ± 0.10) % FWHM and R(1592.5 keV) = (1.11 ± 0.10) % FWHM. The errors on the resolution were estimated in the same way as for the X-ray case.
By performing a fit to Equation 5.2, the measured values of the energy resolution can be extrapolated to Q ββ yielding R(Q ββ ) = (1.02 ± 0.09)% FWHM. The fit, shown in Figure 8 , gives a = (0.98 ± 0.07)% FWHM · MeV and indicates the presence of a significant constant term c = (0.80 ± 0.11)% FWHM which dominates the energy resolution at Q ββ . This term reflects the initial state of the understanding of the detector and it is likely related to a relatively poor electron lifetime during the calibration runs. 
Summary
Nearly monoenergetic gamma rays with energies ranging from 29.7 keV (xenon K α x-ray line) to 1592.5 keV ( 208 Tl double-escape peak) have been used to study the performance of the HPXe detector NEXT-White, operating at the LSC in Canfranc. The energy reconstruction and detailed response calibration procedures described in [10] were applied to data taken using 137 Cs and 232 Th calibration sources and demonstrate that the response of the NEXT-White detector is linear to within approximately 1% over the energy range studied. The attained energy resolution varies from (5.71 ± 0.40) % FWHM at 29.7 keV to (1.11 ± 0.10) % FWHM at 1592.5 keV.
The assumption that the energy resolution is a combination of a stochastic term and a constant term leads to the conclusion that the energy resolution of the present detector at Q ββ is of the order of (1.02 ± 0.09)%. Thus energy resolution is dominated by systematic effects reflecting the initial understanding of the performance of the detector and the relatively poor electron lifetime present during the calibration runs, and so a significant improvement of the energy resolution can be expected in the future. Note that this energy resolution was obtained using the ionization signal only. Expressed in terms of σ/E, the NEXT-White detector has achieved the resolution of 0.43% at Q ββ , which compares favorably with the best energy resolution obtained using a combination of ionization and scintillation signals in liquid xenon in Phase II of the EXO experiment [13] of σ/E = 1.23%.
